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A cell-intrinsic timer helps control when rodent oligodendrocyte precursor cells (OPCs) exit the cell cycle and terminally
differentiate when cultured in platelet-derived growth factor (PDGF) and thyroid hormone (TH). There is evidence that the
cyclin-dependent kinase inhibitor (CKI) p27/Kip1 (p27) is a component of this TH-regulated timer, as it increases as OPCs
proliferate and is required for the timer to operate accurately. Here, we provide evidence that another CKI, p18/INK (p18),
may also be a component of the timer: it increases as OPCs proliferate, and its overexpression in OPCs accelerates the timer,
causing the cells to differentiate prematurely. We also show that the overexpression of p27 accelerates the timer and that
the increases in both p27 and p18 that occur in proliferating OPCs are controlled posttranscriptionally. By contrast, we show
that the overexpression of either p18 or p27 in OPCs proliferating in PDGF and the absence of TH greatly slows the cell cycle
but fails to accelerate the spontaneous differentiation that normally occurs independently of TH. © 2002 Elsevier Science (USA)
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In many vertebrate cell lineages, precursor cells divide a
limited number of times before they stop and terminally
differentiate into postmitotic cells. It is unknown what
limits cell proliferation and causes the cells to stop dividing
and differentiate when they do.
We have been studying the stopping mechanism in the
oligodendrocyte cell lineage in the rodent optic nerve (re-
viewed in Barres and Raff, 1994). Oligodendrocyte precursor
cells (OPCs) migrate into the developing nerve from the
brain (Ono et al., 1997), beginning before birth in the rat
(Small et al., 1987). After a period of proliferation, they stop
dividing and terminally differentiate into oligodendrocytes,
which myelinate the axons in the nerve. The first oligoden-
1 These authors contributed equally to this paper.
2 Present address: Department of Infectious Diseases and Tropi-
cal Medicine, Research Institute, International Medical Center of
Japan, 1-21-1 Toyama, Shinjuku, Tokyo 162-8655, Japan.
3 Present address: Gladstone Institute of Neurological Disease,
University of California, San Francisco, CA 94143.
4 To whom correspondence should be addressed. Fax: 44-20-
7679-7805. E-mail: m.raff@ucl.ac.uk.
224drocytes appear in the rat optic nerve around the day of
birth and then increase in number for the next 6 weeks
(Barres et al., 1992; Miller et al., 1985; Skoff et al., 1976).
Similar timing of oligodendrocyte development can be
reconstituted in cultures of either mixed (Raff et al., 1985,
1988) or purified (Gao et al., 1998) embryonic optic nerve
OPCs: when the OPCs in these cultures are stimulated to
proliferate by either astrocytes (Raff et al., 1988) or platelet-
derived growth factor (PDGF) (Gao et al., 1998; Raff et al.,
1988), oligodendrocytes begin to appear around the equiva-
lent of the day of birth. Clonal analyses of either single
(Temple and Raff, 1986) or purified (Barres et al., 1994)
OPCs isolated from postnatal day 7–8 (P7–8) rat optic nerve
suggest that both a cell-intrinsic program and extracellular
signals may play important parts in determining when
OPCs stop dividing and differentiate. In the presence of
appropriate signaling molecules (see below), the P7–8 OPCs
divide up to eight times before they stop and differentiate,
and the progeny of an individual OPC tend to stop dividing
and differentiate more or less synchronously (Barres et al.,
1994; Temple and Raff, 1986). Even when the two daughter
cells of an individual OPC are separated and cultured on
astrocyte monolayers in separate microwells, they tend to
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stop dividing and differentiate at about the same time
(Temple and Raff, 1986). Thus, it seems that an intrinsic
mechanism helps control when the OPCs withdraw from
the cell cycle and differentiate, at least in culture. When
OPCs are cultured at 33°C rather than 37°C, they divide
more slowly but differentiate sooner, after fewer cell divi-
sions, suggesting that the intrinsic mechanism does not
operate by simply counting cell divisions, but instead
measures elapsed time in some other way (Gao et al., 1997).
Terminal differentiation in other cell lineages (Harris and
Hartenstein, 1991) and organisms (Fay and Han, 2000) can
also depend on mechanisms that measure time rather than
cell divisions.
At least two kinds of extracellular signals seem to be
required for the intrinsic timer in OPCs to operate
normally—the mitogen PDGF (Noble et al., 1988; Raff et
al., 1988; Richardson et al., 1988) and hydrophobic signals
such as thyroid hormone (TH) (Ahlgren et al., 1997; Barres
and Raff, 1994; Ibarrola et al., 1996). In the absence of
mitogen, cultured perinatal OPCs prematurely stop divid-
ing and differentiate into oligodendrocytes within 2 days
(Noble and Murray, 1984; Temple and Raff, 1985), whether
or not hydrophobic signals are present (Ahlgren et al., 1997;
Barres et al., 1994). In the presence of mitogen but in the
absence of hydrophobic signals, most of OPCs in culture
tend to keep dividing and do not differentiate (Barres et al.,
1994; Tang et al., 2000, 2001). If TH is added to such
cultures after 8 days, however, most of the cells stop
dividing and differentiate within 4 days, suggesting that a
timing mechanism continues to operate even in the ab-
sence of hydrophobic signals (Barres et al., 1994). These and
other (Bo¨gler and Noble, 1994) findings suggest that the
intrinsic timer consists of at least two components—a
timing component that measures elapsed time indepen-
dently of hydrophobic signals such as TH, and a TH-
regulated effector component that stops cell division and
initiates differentiation when time is up. TH also seems to
regulate the timing of oligodendrocyte differentiation in
vivo (Ahlgren et al., 1997; Ibarrola et al., 1996; Knipper et
al., 1998).
There is strong evidence that the cyclin-dependent kinase
inhibitor (CKI) p27/Kip1 (p27) is one element of the timer.
The amount of p27 progressively increases as OPCs prolif-
erate in culture in the presence of PDGF and the absence of
TH; it plateaus at around the time that most of the OPCs
would have stopped dividing and differentiated were TH
present (Durand et al., 1997). The increase in p27 occurs
faster at 33°C than at 37°C, which is probably one reason
why the timer runs faster at the lower temperature (Gao et
al., 1997). p27 seems to play a part in both the timing and
effector components of the timer, as both are perturbed in
p27-deficient OPCs (Casaccia-Bonnefil et al., 1997; Durand
et al., 1997, 1998). As cell numbers are increased in all
organs that have been examined in p27-deficient mice (Fero
et al., 1996; Kiyokawa et al., 1996; Nakayama et al., 1996),
it seems likely that p27 normally plays a similar role in
limiting cell proliferation in many cell lineages.
The identification of p27 as a component of the timer
does not indicate how the timer works. One needs to
understand how the level of p27 is controlled in developing
OPCs, such that it progressively increases to a plateau as
the cells proliferate. In the present study, we show that the
increase in p27 in proliferating OPCs is controlled posttran-
scriptionally. We provide evidence that another CKI, p18/
INK4c (p18), may also be a component of the timer and that
its increase is also controlled posttranscriptionally. Finally,
we show that overexpression of either p27 or p18 in OPCs
accelerates oligodendrocyte differentiation, but only in the
presence of TH; in the absence of TH, such overexpression
greatly slows the cell cycle but seems not to arrest it, which
may be one reason why it fails to trigger differentiation
(Tang et al., 1999; Tikoo et al., 1997).
MATERIALS AND METHODS
Animals and Materials
Sprague/Dawley rats were obtained from the breeding colony of
University College London. All chemicals were from Sigma, unless
otherwise indicated. Recombinant human PDGF-AA and
neurotrophin-3 (NT-3) were purchased from Peprotech. Affinity-
purified rabbit anti-p18 antibodies (06-555) were purchased from
Upstate Biotechnology.
Cultures of Purified OPCs
Optic nerve cells were prepared from P0, P5, or P7 rats, and
OPCs were purified by sequential immunopanning, as previously
described (Barres et al., 1992). The purified cells were cultured
(2000 cells in 3 ml of culture medium) in poly-D-lysine (PDL)-
coated 25-cm2 flasks (Falcon) in modified Bottenstein–Sato me-
dium (Bottenstein and Sato, 1979), containing N-acetyl-cysteine
(60 g/ml), forskolin (5 M), PDGF-AA (10 ng/ml), NT-3 (5 ng/ml),
and penicillin and streptomycin (GIBCO). In some cases, TH was
added to the medium in the form of 3,5,3-triiodo-L-thyronine (40
ng/ml) and L-thyroxine (40 ng/ml). For immunofluorescence stain-
ing experiments, purified OPCs were cultured (1000 cells in 2 ml of
medium) in PDL-coated Nunc slide flasks.
Preparation of cDNA from Purified OPCs
Purified OPCs were cultured in PDGF without TH for various
times. The cells were harvested from each culture flask with
trypsin, and poly(A) mRNA was prepared by using a QuickPrep
Micro mRNA Purification Kit (Amersham Pharmacia Biotech),
according to the supplier’s instructions. The RNA was then dis-
solved in diethylpyrocarbonate (DEPC)-treated water, and cDNA
synthesis was carried out by using a SMART PCR cDNA Synthesis
Kit (Clontech), according to the supplier’s instructions. The PCR
was carried out, and the amplified total cDNA was used as the
template for the RT-PCR. Before performing the PCR using gene-
specific primers, the amplified total cDNA samples were all
electrophoresed in the same 1% agarose gel, stained with ethidium
bromide (EtBr, 0.4 g/ml), and normalized according to the inten-
sity of staining.
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RT-PCR Analysis
The following oligonucleotide DNA primers were synthe-
sized. For p27, the 5 primer was 5-AGCTTGCCCGAGTTCT-
AC-3 and the 3 primer was 5-TCCACAGTGCCAGCATTC-3.
For p18, the 5 primer was 5-GCAACTTACTAGTTTGTT-
GC-3 and the 3 primer was 5-AGGCTGTGTGCTTCATAAG-
3. For glyceraldehyde-3-phosphate dehydrogenase (G3PDH),
the 5 primer was 5-ACCACAGTCCATGCCATCAC-3 and the
3 primer was 5-TCCACCACCCTGTTGCTGTA.
All primers were dissolved in TE buffer. The RT-PCRs were
carried out in 25 l of reaction mixture, containing 0.2 ng of
PCR-amplified total cDNA as template, 0.3 M 5 PCR primer, 0.3
M 3 PCR primer, 0.2 mM dNTP, 1.25 mM MgCl2, 10 mM
Tris–HCl (pH 9.0), 50 mM KCl, 0.1% Triton X-100, and 1.25 units
of Taq DNA polymerase (Promega). The reaction mixture was
denatured for 1 min at 94°C. The PCR was then started, using 94°C
for 10 s for the denaturing step, 53°C for 30 s for the annealing step,
and 72°C for 1 min for the elongation step. To determine how many
PCR cycles to use, we removed 10 l of each reaction mixture after
30 cycles, electrophoresed it in 2% agarose gel, and stained it with
EtBr; depending on the intensity of staining, we either stopped the
reaction at 30 cycles, continued for several more cycles, or started
again and stopped before 30 cycles.
Real-Time PCR
Real-time PCRs were carried out by using a Rotor-Gene 2000
Real-Time Amplification device (Corbett Research) in a reaction
mixture containing 0.2 ng of PCR-amplified total cDNA as tem-
plate, 0.8 M 5 PCR primer, 0.8 M 3 PCR primer, 0.2 mM of
dNTP, 3.5 mM MgCl2, 25 mM TAPS buffer (pH 9.3), 50 mM KCl,
1 mM 2-mercaptoethanol, 1.5 units of TaKaRa EX Taq DNA
polymerase (TaKaRa Biochemicals), and 0.5 SYBR Green I (Mo-
lecular Probes). The reaction mixture was denatured for 5 min at
94°C and was then cycled for 15 s at 94°C, for 30 s at 55°C, for 30 s
at 72°C, and for 15 s at 85°C. The reaction was stopped after 50
cycles.
Retroviral Vectors and Infection
Three retroviral vectors were constructed (Apperly, 2001), all
based on pBabe-puro (Morgenstern and Land, 1990). One (Bird-GFP)
encoded enhanced green fluorescence protein (GFP) alone, one
(Bird-GFP-p27) encoded GFP and p27, and the third (Bird-GFP-p18)
encoded GFP and p18. The GFP gene was driven by the 5-retroviral
LTR promoter, while the p27 or p18 gene was driven by the
choriomeningitis virus (CMV) promoter. In earlier experiments, a
similar vector was prepared that expressed GFP and -galactosi-
dase; when this vector was expressed in purified OPCs, more than
98% of the cells that expressed -galactosidase, as detected by a
histochemical reaction with X-gal substrate, also expressed GFP,
and vice versa (Apperly, 2001). Similarly, when Bird-GFP-p27 was
expressed in cultures of p7 optic nerve cells from p27/ mice (Fero
et al., 1996), 98% of the cells that were stained by anti-GFP
antibodies were also stained by anti-p27 antibodies, whereas none
of the GFP-negative cells were stained by the anti-p27 antibodies
(Apperly, 2001). The intensity of p27 staining varied from cell to
cell and generally correlated with the intensity of GFP staining.
Together, these findings indicate that the expression of GFP from
the internal CMV promoter faithfully reported expression from the
upstream LTR promoter.
In experiments using Bird-GFP, Bird-GFP-p27, and Bird-GFP-
p18, rat optic nerve cells were cultured in 25-cm2 flasks in PDGF
without TH for 2 days and infected with vector, either overnight or
for 3 h. The OPCs were then purified and cultured at clonal density
in slide flasks (1000 cells/flask) in PDGF with or without TH for a
further period. The cells were then assessed for fluorescence and
morphology in a Leica DM 1RB inverted fluorescence microscope.
We distinguished OPCs and oligodendrocytes by their distinctive
morphologies (Temple and Raff, 1986); in other experiments, we
confirmed by immunofluorescence staining with a monoclonal
anti-galactocerebroside (anti-GC) antibody, which labels oligoden-
drocytes but not OPCs (Ranscht et al., 1982), that this morphologi-
cal distinction is accurate.
Immunofluorescence Staining
Purified P7 OPCs growing in PDL-coated slide flasks were fixed
in 2% paraformaldehyde for 3 min. For p18 staining, the cells were
washed in phosphate-buffered saline (PBS) and then incubated in
50% goat serum containing 0.4% Triton X-100 to permeabilize the
cells and block nonspecific staining. The cells were then incubated
in affinity-purified rabbit anti-p18 antibodies (Upstate Biotechnol-
ogy; diluted 1: 50 in Tris-buffered saline containing 1% bovine
serum albumin and 10 mM L-lysine), followed by biotin-conjugated
goat anti-rabbit Ig (Chemicon; diluted 1:100) and then fluorescein-
conjugated streptavidin (Amersham; diluted 1:100). All incuba-
tions were for 30 min at room temperature. The cells were
postfixed in cold acid-alcohol, mounted in Citifluor mounting
medium (CitiFluor), and examined in a Bio-Rad MRC1024 confo-
cal, laser scanning fluorescence microscope. Individual cells were
selected at random, and the area command was used to collect
brightness readings in the nucleus of the cell. The settings were
kept the same for all the measurements. The average fluorescence
intensities were converted into numerical readings of arbitrary
value (pixels).
For staining surface antigens, the fixed cells were incubated for
30 min in blocking solution, consisting of 50% goat serum in Tris
buffer (pH 7.4) containing 1% BSA and 150 mM L-lysine. They were
then incubated in either anti-GC antibody (Ranscht et al., 1982;
supernatant, diluted 1:1), followed by Texas-Red-conjugated goat
anti-mouse IgG (Jackson ImmunoResearch, diluted 1:100), or A2B5
antibody (Eisenbarth et al., 1979; ascites fluid, diluted 1:100),
followed by fluorescein-conjugated goat anti-mouse IgM (Jackson
ImmunoResearch, diluted 1:100). The slides were mounted in
Citifluor mounting medium, sealed with nail varnish, and exam-
ined in a Zeiss Axioskop fluorescence microscope.
RESULTS
p27 mRNA Does Not Increase as OPCs Proliferate
in Culture
We showed previously that p27 protein increases over
8–10 days in culture as purified P7 OPCs proliferate in the
presence of PDGF and in the absence of TH (Durand et al.,
1997). To determine whether the increase in protein is
accompanied by an increase in p27 mRNA, we assessed the
mRNA by RT-PCR in purified P7 OPCs that were prolifer-
ating in the same culture conditions. As shown in Fig. 1A,
p27 mRNA did not increase with time in culture. We also
showed previously that p27 protein increases faster when
the OPCs proliferate at 33°C rather than at 37°C (Gao et al.,
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1997). By contrast, p27 mRNA decreased rather than in-
creased at 33°C compared to 37°C (Fig. 1B). These results
were confirmed by using real-time PCR to quantify the
mRNA levels (Fig. 2). Thus, both the increase in p27 protein
as OPCs proliferate in culture (Durand et al., 1997) and the
acceleration of the increase at 33°C (Gao et al., 1997) seem
to depend on posttranscriptional mechanisms.
p18 Protein, but Not Its mRNA, Increases as OPCs
Proliferate in Culture
The finding that mice deficient in the CKI p18 have a
very similar phenotype to that of mice deficient in p27
(Franklin et al., 1998) raised the possibility that p18, like
p27, plays a part in timing when precursor cells withdraw
from the cell cycle and differentiate. Using rabbit anti-p18
antibodies, immunofluorescence, and quantitative confocal
microscopy, we found that, between culture days 2 and 10,
p18 staining, like p27 staining (Durand et al., 1997), in-
creased more than twofold in the nucleus of purified P7
OPCs cultured in PDGF without TH (Fig. 3A). Unlike p27
staining, however, p18 staining did not increase faster when
the OPCs were cultured at 33°C (Fig. 3B), suggesting that
p18 does not contribute to the acceleration of the timer at
33°C. As in the case of p27, p18 mRNA did not increase as
the OPCs proliferated (Figs. 1C and 2A–2C), suggesting that
the increase in p18 protein in proliferating OPCs occurs by
a posttranscriptional mechanism. Moreover, p18 mRNA
levels were similar in OPCs cultured at 33 and 37°C (Figs.
1D, 2D, and 2E).
Expression of Either a p27 or P18 Transgene
Advances the Timer
If the progressive increases in both p27 and p18 are part of
the timer, one might predict that the overexpression of
either protein would advance the timer and cause the cells
to differentiate prematurely. To test this prediction, we
constructed retroviral vectors that express either enhanced
GFP alone or enhanced GFP and either p27 or p18. In this
way, we could identify the cells overexpressing the CKI.
First, we purified OPCs from P0 optic nerve and cultured
them at clonal density in PDGF without TH for 2 days. We
then infected the cells with a retroviral vector overnight
and cultured them for a further 8 days in PDGF and TH so
that the intrinsic timer could operate. We assessed the
proportion of GFP-positive cells that differentiated into
oligodendrocytes after 2, 5, and 8 days. As shown in Fig. 4,
overexpression of either p27 or p18 significantly accelerated
the timing of oligodendrocyte differentiation, compared
with OPCs that overexpressed GFP alone. The overexpres-
sion of GFP itself did not influence the timing of differen-
tiation, as GFP-positive cells in cultures infected with the
control vector encoding GFP alone differentiated with the
same time course as GFP-negative cells in the same cul-
tures (not shown).
Cells That Overexpress Either p27 or p18
Differentiate Earlier Than Nonoverexpressing Cells
in the Same Clone
We showed previously that OPCs isolated from the same
age optic nerve vary greatly in the timing of differentiation
when cultured in PDGF and TH (Barres et al., 1994; Temple
and Raff, 1986), probably because they vary in their matu-
ration (Gao and Raff, 1997). To avoid the difficulties im-
posed by this interclonal variation, we devised a strategy
where we could compare transfected and untransfected
cells within the same clone. The strategy exploits the fact
that the retroviral genome integrates into only one of the
two daughter cells at the first division following infection
(Cepko et al., 1993; Hajihosseini et al., 1993). Thus, if cells
are purified and cultured at clonal density soon after infec-
tion, some will produce clones containing a mixture of
transfected and untransfected cells.
We cultured P5 optic nerve cells for 2 days, infected them
with retroviral vector for 3 h, and then purified the OPCs
and cultured them in PDGF and TH for a further 4 days. We
then examined the cells in an inverted fluorescence micro-
scope and analyzed clones containing a mixture of GFP-
positive and GFP-negative cells. Each of these mixed clones
presumably arose from a cell that, after infection, under-
went its first division in the culture flask to give rise to one
transfected and one nontransfected cell. As shown in Table
1, in cultures infected with the control vector that encodes
GFP alone, there were no clones in which all of the
GFP-positive cells had differentiated into oligodendrocytes
and all of the GFP-negative cells had not. By contrast, there
were many such clones in cultures infected with either the
p27- or p18-encoding vectors. In the p27- and p18-infected
cultures, we found even more clones in which all the
GFP-positive cells had differentiated and only some of the
GFP-negative cells had done so, whereas we found few, if
FIG. 1. RT-PCR analysis of p27 and p18 mRNAs in purified P7
OPCs cultured for various times or at different temperatures in
PDGF and the absence of TH. G3PDH mRNA was analyzed as a
control. In (B) and (D), the cells were cultured for 1 day at 37°C and
then for a further 4 days at either 37 or 33°C. The number of PCR
cycles was 30 cycles for p27 and p18 and 23 cycles for G3PDH.
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any, clones of this type in the cultures infected with the
control vector (Table 1). Thus, the overexpression of either
p27 or p18 clearly accelerates differentiation within clones.
p27 or p18 Overexpression Slows the Cell Cycle
but Does Not Promote Oligodendrocyte
Differentiation in the Absence of TH
Although TH can trigger the differentiation of cultured
OPCs proliferating in PDGF, it is not absolutely required
for OPC differentiation. A small proportion of OPCs differ-
entiate spontaneously when cultured in PDGF in the ab-
sence of TH, for example (Ahlgren et al., 1997; Ibarrola et
al., 1996). To determine whether p27 or p18 overexpression
promotes such spontaneous differentiation, we cultured P5
FIG. 2. Real-time PCR analysis of p27 and p18 mRNAs in purified P7 OPCs cultured for various times or at different temperatures in
PDGF and the absence of TH. G3PDH mRNA was analyzed as a control. In (D) and (E), the cells were cultured for 1 day at 37°C and then
for a further 4 days at either 37 or 33°C.
FIG. 3. Intensity of immunofluorescence staining in OPCs with
anti-p18 antibodies. Purified P7 OPCs were cultured as in Fig. 1 and
then fixed and stained. The intensity of staining in the nucleus was
quantified in a confocal microscope and converted into a numerical
value of arbitrary units (pixels). Between 30 and 50 cells were
assessed at each point, and the results are shown as mean  SD.
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optic nerve cells for 2 days, infected them with retroviral
vector overnight, purified the OPCs, cultured them at
clonal density in PDGF in the absence of TH for a further 4
days, and then determined the proportion of GFP-positive
cells that had differentiated into oligodendrocytes. As seen
in Fig. 5, neither p27 nor p18 overexpression increased the
amount of spontaneous differentiation.
The overexpression of either p27 or p18, however, greatly
slowed the cell cycle of OPCs proliferating in PDGF with-
out TH. This was shown in two ways. First, in clonal
density cultures prepared from OPCs that had been infected
with the retrovirus vectors overnight (see above), the aver-
age clone size was at least one-third smaller in clones
formed by p27- or p18-overexpressing OPCs than in clones
formed by OPCs expressing GFP alone (not shown). Second,
to compare transfected and untransfected cells within the
same clone, we cultured P5 optic nerve cells for 2 days,
infected them with a retroviral vector for 3 h, and then
purified the OPCs and cultured them at clonal density in
PDGF without TH for a further 6 days. We then examined
clones containing both GFP-positive and GFP-negative
cells, as described above. As expected, in mixed clones
containing cells infected with the control vector encoding
GFP alone, about 50% of the cells in mixed clones were
GFP-positive (Fig. 6), suggesting that GFP expression does
not influence OPC proliferation in these conditions. In
mixed clones containing cells infected with a vector encod-
ing either p27 or p18, however, fewer than 20% of the cells
were GFP-positive (Fig. 6). As cell death was minimal and
was not increased in the GFP-positive cells compared with
GFP-negative cells in any of these cultures, it is clear that
the overexpression of either p27 or p18 slows the prolifera-
tion rate. In one case, we followed a p27 overexpressing cell
in a mixed clone for a week: the cell divided for the first
time after 7 days, whereas its uninfected sibling divided
more than six times in this period, suggesting that the
overexpression of p27 slows the cycle but may not arrest it.
Slowing the Cell Cycle with Cycloheximide in the
Presence of TH Does Not Accelerate
Differentiation
As both p27 and p18 overexpression slowed the cell cycle
and, in the presence of TH, accelerated differentiation, it is
possible that slowing the cycle per se accelerates differen-
tiation in the presence of TH. To test this possibility, we
FIG. 4. Effects of overexpression of p27 or p18 on OPC differen-
tiation in the presence of TH. Purified P0 OPCs were cultured at
clonal density in PDGF without TH for 2 days and were then
infected overnight with a retroviral vector encoding either GFP
alone, GFP and p27, or GFP and p18. The cells were then cultured
in PDGF and TH for a further 2, 5, or 8 days, and the proportion of
GFP cells that had acquired the morphology of oligodendrocytes
was assessed in an inverted fluorescence microscope. In both (A)
and (B), the results are shown as mean  SD of the results from
three experiments.
TABLE 1
Effect of p27 and p18 Overexpression on Oligodendrocyte
Development within Clones
Viral vector
Clones in which all GFP
cells are oligos and all
GFP cells are OPCs
Clones in which all
GFP cells and some
GFP cells are oligos
Bird-GFP 0/24 0/24
Bird-GFP-p27 18/32 (56%) 26/32 (81%)
Bird-GFP 0/48 2/48 (4%)
Bird-GFP-p18 12/48 (25%) 26/48 (54%)
Note. P5 optic nerve cells were cultured for 2 days, infected with
retroviral vector for 3 h, and the OPCs were purified and cultured
at clonal density in PDGF and TH for a further 4 days. Clones
containing a mixture of GFP and GFP cells were then analyzed
in an inverted fluorescence microscope, and the proportion of cells
that had acquired an oligodendrocyte morphology was determined.
FIG. 5. Effects of overexpression of p27 or p18 on spontaneous
OPC differentiation in the absence of TH. P5 optic nerve cells were
cultured for 2 days in PDGF without TH and were then infected
with one of the three retroviral vectors overnight, purified, and
cultured at clonal density in PDGF without TH for another 4 days.
The proportion of GFP cells that had spontaneously acquired the
morphology of oligodendrocytes was assessed in an inverted fluo-
rescence microscope. The results are shown as mean  SD of three
experiments for both GFP-p27 and GFP-p18.
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cultured purified P7 OPCs for 4 days in PDGF and TH at
clonal density in the presence of low concentrations of the
protein synthesis inhibitor cycloheximide (CHX), which
has been shown to slow the cycle in other cell types
(Campisi et al., 1982). As shown in Fig. 7, increasing
concentrations of CHX progressively decreased clone size,
but, instead of promoting oligodendrocyte differentiation,
the decrease in clone size was associated with a progressive
decrease in the proportion of OPCs that differentiated. At
these concentrations, the CHX did not significantly in-
crease cell death, suggesting that the decrease in clone size
reflected a slowing of the cell cycle. CHX (10 ng/ml) did not
inhibit OPC differentiation induced by PDGF withdrawal:
when P7 optic nerve cells were cultured for 2 days in the
absence of both PDGF and TH and then stained with the
A2B5 monoclonal antibody to identify OPCs (Raff et al.,
1983) and a monoclonal anti-GC antibody to identify oligo-
dendrocytes (Ranscht et al., 1982), without CHX, 80  1%
of the OPCs differentiated, whereas with CHX 82  2% of
the OPCs differentiated (n  3).
Thus, it is unlikely that the acceleration of differentia-
tion caused by the overexpression of p27 or p18 is due to the
slowing of the cell cycle per se.
DISCUSSION
This study adds significantly to our understanding of the
intrinsic timer in postnatal OPCs that helps control when
these cells exit the cell cycle and differentiate, at least in
culture. It provides evidence that p18 may be a component
of the timer, that the increases in p18 and p27 in prolifer-
ating OPCs depend exclusively on posttranscriptional
mechanisms, and that overexpression of either the p18 or
p27 gene accelerates the timer in the presence of TH but
does not promote timer-independent differentiation that
occurs spontaneously in the absence of TH.
p18 May Be a Component of the Timer
Three lines of evidence suggest that p18 may be part of
the TH-regulated timer in developing OPCs. First, we find
that p18, like p27 (Durand et al., 1997), increases as OPCs
proliferate in culture. Second, we show that expression of
either a p27 or p18 transgene in OPCs accelerates the timer,
causing the cells to differentiate prematurely when cul-
tured in the presence of PDGF and TH (discussed below).
Third, p18-deficient mice (but not mice deficient in other
CKIs) have a phenotype that closely resembles that of
p27-deficient mice (Franklin et al., 1998), and there is
strong evidence that p27 is a component of the timer in
OPCs (Casaccia-Bonnefil et al., 1997; Durand et al., 1997,
1998). As both p27-deficient and p18-deficient mice have
increased numbers of cells in all organs examined (Fero et
al., 1996; Kiyokawa et al., 1996; Nakayama et al., 1996), it
seems likely that both CKIs help cells in many lineages
withdraw from the cell cycle at the appropriate time. We
showed previously that p27 increases faster when OPCs are
cultured at 33°C than when they are cultured at 37°C,
whereas we show here that p18 does not. It seems likely,
therefore, that p27 contributes to the acceleration of the
timer at the lower temperature, whereas p18 does not.
Mice deficient in both p18 and p27 have even larger
organs than mice deficient in either protein alone, suggest-
ing that the two CKIs operate in different pathways and
collaborate to help cells exit the cells cycle (Franklin et al.,
1998). The collaboration is likely to depend on the different
functions of the two types of CKIs, as INK-family CKIs,
such as p18, specifically inhibit Cdk4 and Cdk6, whereas
Cip/Kip family CKIs, such as p27, mainly inhibit Cdk2-
cyclin complexes (Sherr and Roberts, 1999). A similar
collaboration between a Cip/Kip family CKI (p27) and an
INK-family CKI (p15) has been described in the cell-cycle
arrest induced in mink lung epithelial cells by TGF-
(Reynisdottir and Massague, 1997). Members of the Cip/Kip
FIG. 6. Effects of overexpression of p27 or p18 within clones on
cell proliferation. Cells were treated as in Table 1, except that they
were cultured for a further 6 days after infection, rather than for 4
days. The number of GFP and GFP cells within mixed clones
were assessed in an inverted fluorescence microscope. The results
are shown as mean  SD of three experiments for both GFP-p27
and GFP-p18.
FIG. 7. CHX treatment slows the cell cycle and the rate of
differentiation of OPCs in the presence of TH. Purified P7 OPCs
were cultured for 4 days in PDGF and in TH and various concen-
trations of CHX, as indicated. The number of cells and the
proportion that had acquired an oligodendrocyte morphology were
assessed in each clone. The results are shown as mean  SD of
triplicate cultures in a typical experiment.
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family can also collaborate with one another: during devel-
opment, for example, p21 and p57 cooperate to induce
skeletal myoblasts to exit the cell cycle (Zhang et al., 1999),
and p27 and p57 cooperate to induce lens epithelial cells to
exit the cycle (Zhang et al., 1998).
It will be important in the future to study OPCs that are
deficient in p18 to establish directly whether p18 is a
component of the timer. It will also be important to
determine whether the two proteins collaborate in the
operation of the timer, by testing whether the timer is more
perturbed in OPCs that are deficient in both p27 and p18
than it is in OPCs deficient in only one of them.
The Increases in p27 and p18 Depend on
Posttranscriptional Mechanisms
The identification of components of the timer whose
levels change as the OPCs proliferate does not indicate how
the timer works. It is crucial to understand the mechanisms
by which the levels change. We show here that the mRNAs
encoding p27 and p18 do not increase appreciably while the
proteins increase, suggesting that the increases in these
CKIs occur exclusively by posttranscriptional mechanisms.
p27 levels in cell lines have also been found to be controlled
mainly by posttranscriptional mechanisms, including con-
trols on translation (Hengst and Reed, 1996), degradation
(Bartek and Lukas, 2001), and sequestration (Polyak et al.,
1994). It will be difficult to study the posttranscriptional
mechanisms in OPCs, as only small numbers of cells can be
purified from the optic nerve at the appropriate ages, and it
is not yet possible to purify them to homogeneity from the
brain.
The timer in OPCs is unlikely to depend only on in-
creases in intracellular proteins and on posttranscriptional
mechanisms. Two inhibitors of differentiation, Id4 (Kondo
and Raff, 2000b) and Hes5 (Kondo and Raff, 2000a), for
example, progressively decrease as OPCs proliferate, and, in
the case of Id4 at least, mRNA and protein levels decrease
in parallel, suggesting that the decrease depends on tran-
scriptional controls (Kondo and Raff, 2000b). The overex-
pression of either of these proteins in OPCs inhibits cell-
cycle exit and differentiation (Kondo and Raff, 2000a,b),
suggesting that their progressive decrease in proliferating
OPCs may contribute to the timing of differentiation. It
seems, therefore, that the intrinsic timing mechanism is
complex, apparently depending on some intracellular pro-
teins that increase and others that decrease, and on both
transcriptional and posttranscriptional controls.
Artificially Increasing Either p27 or p18 Advances
the Timer
If increases in both p27 and p18 help determine the
timing of OPC differentiation, then artificially accelerating
the increase in either protein should accelerate differentia-
tion. This is what we see when we use retroviral vectors
encoding GFP and one or other of these CKIs to infect OPCs
in culture: in the presence of PDGF and TH, the cells
expressing either transgene differentiate 1–2 days earlier
than OPCs expressing GFP alone. In the most convincing
type of experiment, we take advantage of the retrovirus life
cycle to produce clones of OPCs containing a mixture of
infected and uninfected cells and show that the cells
expressing either a p27 or p18 transgene differentiate sooner
than the uninfected cells within the same clone. The
simplest interpretation of these findings is that the CKI
produced by the transgene adds to the endogenous CKI,
causing the level of the CKI to reach a threshold level
sooner than in cells expressing the endogenous CKI only.
Interestingly, neither the p27 nor the p18 transgene accel-
erated the spontaneous differentiation of OPCs cultured in
PDGF without TH (see below), suggesting that this differ-
entiation involves a different intracellular mechanism from
that involved in TH-regulated differentiation. We have
recently found a number of other differences between these
two modes of differentiation, including an essential role for
a p53-family protein in TH-regulated differentiation but not
in spontaneous differentiation (Tokumoto et al., 2001).
As expected, OPCs expressing either a p27 or p18 trans-
gene divide more slowly than normal OPCs (see below).
This finding raises the possibility that it is the slowing of
the cycle per se that accelerates differentiation in the cells
expressing a CKI transgene. We think this is unlikely,
however, as treatment with low concentrations of the
protein synthesis inhibitor CHX slows the OPC cell cycle
comparably but delays, rather than accelerates, differentia-
tion in the presence of PDGF and TH, even though the CHX
does not inhibit the differentiation induced by PDGF with-
drawal. Thus, slowing the cycle is not enough to advance
the timer. It is possible that CHX delays differentiation in
PDGF and TH by slowing the accumulation of p27 and p18.
Does the Timer Primarily Control Cell-Cycle Exit,
Differentiation, or Both?
In most cell lineages, including the oligodendrocyte lin-
eage, cell-cycle withdrawal and differentiation are tightly
coupled, but the nature of the coupling is unknown. It is not
known, for example, whether the intrinsic timer in OPCs
primarily controls cell-cycle exit, with differentiation fol-
lowing as a consequence, or whether it primarily controls
differentiation, with cell-cycle exit following as a conse-
quence, or whether it controls both processes separately but
in a coordinated way. The finding that PDGF withdrawal
rapidly induces OPCs to stop dividing and differentiate,
whether TH is present or not (Barres et al., 1994), is
consistent with the possibility that cell-cycle exit is pri-
mary but does not prove it. One test would be to arrest the
cycle in the presence of PDGF and the absence of TH to see
if this induces differentiation. Our attempts to do this with
DNA synthesis inhibitors such as hydroxyurea or aphidico-
lin have been unsuccessful, as the cells rapidly undergo
apoptosis (M.C.R., unpublished observations). Two previ-
ous studies have used adenovirus vectors to overexpress p27
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in OPCs cultured from the rat cerebral cortex and failed to
induce differentiation before the cells died 3 days after
infection from the cytopathic effects of the virus (Tang et
al., 1999; Tikoo et al., 1997). In both cases, however, the
cells were impure and were cultured in either FGF-2 or
B104-conditioned medium, both of which can inhibit OPC
differentiation (Bo¨gler, 1990 #52; Hunter, 1989 #54; Mc-
Kinnon, 1990 #53). Moreover, in both cases, it was unclear
whether the p27 transgene induced cell-cycle withdrawal or
just a slowing of the cycle (see below).
Our results with retroviral vectors are similar to those
reported with adenovirus vectors in that the expression of a
p18 or p27 transgene fails to promote OPC differentiation in
the presence of PDGF and the absence of TH. Our experi-
ments have the advantage, however, that purified OPCs are
cultured in the absence of added FGF-2 or B104-conditioned
medium, the cells are followed for up to a week, and
transfected cells are compared to untransfected cells within
the same clone. The prolonged observation turns out to be
especially important. Although the transgenes greatly slow
the cell cycle, it is unlikely that the cells completely
withdraw from the cycle and enter a quiescent G0 state
where the cell cycle control system has been disassembled.
In the one case where we followed an individual p27-
transfected cell within a clone that also contained untrans-
fected cells, the infected cell did not divide until 7 days after
infection, while the uninfected cell in the same clone
divided more than six times. This finding indicates that one
cannot assume that a cell has exited the cell cycle just
because it does not divide for a week. It remains to be
determined, therefore, whether complete withdrawal from
the cell cycle and entry into G0 is sufficient to induce OPC
differentiation. It may be that CKIs on their own cannot
induce cells to exit the cycle and enter G0 in the presence
of a mitogen such as PDGF, although it will be important to
test the effects of overexpression of other CKIs, alone and in
combinations. It would also be worthwhile to test other
ways of arresting the cell cycle, including the expression of
an unphosphorylatable form of Rb and dominant-negative
forms of Cdk2.
In summary, our results strengthen the case that CKIs are
components of the intrinsic timer in OPCs, adding p18 as a
candidate component and providing gain-of-function evi-
dence to the previous loss-of-function evidence (Casaccia-
Bonnefil et al., 1997; Durand et al., 1998). Moreover, they
show for the first time that posttranscriptional mechanisms
contribute to the operation of the timer. The question of
whether the timer primarily controls cell-cycle exit, differ-
entiation, or both remains unanswered.
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